It is established that the transcription factor E2A and its antagonist Id3 modulate the checkpoints consisting of the precursor to the T cell antigen receptor (pre-TCR) and the TCR. Here we demonstrate that Id3 expression was higher beyond the pre-TCR checkpoint, remained high in naive T cells and showed a bimodal pattern in the effector-memory population. We show how E2A promoted T lineage specification and how pre-TCR-mediated signaling affected E2A genome-wide occupancy. Thymi in Id3deficient mice had aberrant development of effector-memory cells, higher expression of the chemokine receptor CXCR5 and the transcriptional repressor Bcl-6 and, unexpectedly, T cell-B cell conjugates and B cell follicles. Collectively, our data show how E2A acted globally to orchestrate development into the T lineage and that Id3 antagonized E2A activity beyond the pre-TCR checkpoint to enforce the naive fate of T cells.
A r t i c l e s Cells of the T lineage can be defined by their expression of cell surface markers and rearrangement of loci encoding the T cell antigen receptor (TCR) 1 . They arise from progenitors that lack the expression of the coreceptors CD4 and CD8, a subset that is also called the double-negative (DN) compartment. The DN compartment can be further separated into four subsets characterized by expression of the activation markers CD25 and CD44. The DN1 (CD44 + CD25 − ) compartment contains the T cell progenitors. Progenitors in the DN1 compartment that express the stem cell factor receptor c-Kit are called 'earliest T progenitor cells' 2 . T cell development begins at the DN2 (CD44 + CD25 + ) stage, but cells commit to the T cell lineage only after differentiating into DN3 (CD44 − CD25 + ) cells. Rearrangement of genes encoding the variable, diversity and joining regions (V-(D)J rearrangement) is initiated at the DN2-DN3a stage. Productive rearrangement of the gene encoding the TCRβ chain (Tcrb) promotes the assembly and expression of the pre-TCR complex and leads to differentiation into the DN3b stage [3] [4] [5] .
DN3b thymocytes differentiate into DN4 cells, which in turn progress to the immature single-positive (ISP) stage before developing into CD4 + CD8 + double-positive (DP) T cells 3 . At the DP stage, VJ rearrangement of the gene encoding the TCRα chain (Tcra) is initiated and completed. Expression of the αβ TCR is followed by interaction with autoantigens and major histocompatibility complex antigens, a process called 'positive selection' . After a productive interaction of the TCR complex with major histocompatibility complex, DP cells developmentally progress beyond the TCR checkpoint to become either CD4 + or CD8 + single-positive (SP) cells.
It is now established that a substantial fraction of developmental trajectories involve regulation by members of the helix-loop-helix (HLH) family 6 . A subset of HLH proteins consists of E proteins, which bind the consensus E2-box site (GCAGGTGG) and function as either transcriptional activators or transcriptional repressors 7 . Four E proteins have been identified and characterized 8 : E12, E47, HEB and E2-2. E12 and E47 are encoded by the Tcf3 locus (called 'E2a' here) and are generated by different splicing of an exon encoding either the E12 or E47 HLH domain 9 . HEB and E2-2 are related to the products of E2a but diverge substantially in the N-terminal transactivation domains 7, 8 . The DNA-binding activity of E proteins is regulated by the four inhibitory Id proteins (Id1-Id4) 10 . Id proteins contain an HLH dimerization domain but lack a basic region and suppress the DNA-binding activity of E proteins 11 .
The abundance of E proteins is great in T cell progenitors, in which they activate V(D)J rearrangement of Tcrb, induce the expression of genes encoding proteins involved in Notch and pre-TCR signaling and antagonize proliferation [12] [13] [14] [15] [16] . The abundance of E47 protein remains greater in DN4 cells but decreases once cells reach the ISP stage and decreases further during positive selection 17 . Id3 concentrations are high during β-selection as well as positive selection 17, 18 . The substantial abundance of E2A prevents developmental progression, whereas a decrease in the DNA-binding activity of E2A promotes β-selection as well as positive selection [19] [20] [21] . HEB enforces the TCR checkpoint and is needed for promotion of the development of natural killer T cells 20, 22 . Studies have demonstrated a role for the inhibitory HLH protein Id3 in suppressing the development of γ-chain variable region 1.1-δ-chain variable region 6.3 (V γ 1.1V δ 6.3) as well as A r t i c l e s innate-like CD8 + cells [23] [24] [25] [26] [27] . Id3 has also been shown to modulate the developmental progression of regulatory T cells and interleukin 17 (IL-17)-producing helper T cells 28 .
Here, through the use of a reporter strain of mice expressing green fluorescent protein (GFP) under the control of Id3 regulatory elements (Id3-GFP), we show that high Id3 expression was associated mainly with a naive T cell phenotype, whereas the absence of Id3 in peripheral T cells was linked mainly to the effector-memory population. We demonstrate on a global scale how the induction of Id3 expression at the pre-TCR checkpoint altered E2A-mediated enhancer selection to establish the αβ T cell fate. Finally, a substantial fraction of Id3deficient thymocytes expressed a subset of genes closely associated with a follicular helper T cell (T FH cell) phenotype, including those encoding the chemokine receptor CXCR5 (Cxcr5) and the transcriptional repressor Bcl-6 (Bcl6). Together our observations demonstrate on a global scale how E2A orchestrates T cell development, whereas Id3 acts to maintain the naive T cell fate.
RESULTS

Expression of Id3 in the thymus and peripheral splenocytes
To monitor Id3 expression in developing cells of the T lineage, we inserted sequence encoding GFP into the exon encoding the Id3 HLH region. The targeted allele resulted in a mutated Id3 locus in which the expression of GFP was placed under control of regulatory elements present in the Id3 locus ( Fig. 1a) . Mice heterozygous for this allele developed normally, had normal reproductive ability and were indistinguishable from their wild-type littermates (data not shown).
We monitored Id3 expression by measuring GFP fluorescence in cells derived from those heterozygous mice. Id3-GFP expression was barely detectable in the DN3a (CD27 lo ) compartment but was much higher at the DN3b (CD27 hi ) stage ( Fig. 1b) . To further evaluate the expression of Id3 in unselected versus β-selected cells, we assessed the expression of intracellular TCRβ in DN3a and DN3b cells that lacked or had Id3 expression. We detected Id3 expression mainly in cells expressing the TCRβ chain and mainly in large cycling DN3b cells ( Fig. 1c) . Those data were consistent with the idea that Id3 expression is higher in response to pre-TCR signaling 17 . After cells developed into the DP compartment, their Id3 expression progressively increased and reached its greatest abundance in positively selected CD5 + or CD69 + DP cells ( Fig. 1d,e ). In contrast, expression of GFP-tagged E2A remained high until cells reached the resting DP compartment (Supplementary Fig. 1 ).
In the peripheral lymphoid tissues, Id3 expression remained high ( Fig. 1f) . We found considerable abundance of Id3 in the CD62L + CD44 lo and CD62L + CD44 hi compartments (Fig. 1f) . In contrast, the CD62L − CD44 hi compartment showed a bimodal distribution of Id3-GPF fluorescence, with a substantial fraction of cells lacking Id3 expression ( Fig. 1f) . Notably, Id3-GFP expression was also absent from a small proportion of CD4 + CD25 − IL7Rα hi cells and most CD4 + CD25 − CD122 + cells (Fig. 1g) . The greatest proportion A r t i c l e s of CD4 + cells in the spleen that lacked Id3-GFP expression was in the CD44 hi CD122 + compartment. In sum, these data indicated that Id3 expression progressively increased beyond the pre-TCR and TCR checkpoints, remained high in naive peripheral T cells and had a bimodal pattern in the effector-memory compartment.
Genome-wide E2A occupancy orchestrates T cell fate As a first approach to determine how E2A and Id3 contribute to the establishment of the αβ T lineage, we examined the global distribution of E2A-bound sites in the DN3 and DN4 compartments. The small size of the DN3 and DN4 compartments makes genome-wide analysis of transcription factor-binding sites difficult. Thus, we used an approach that permits the generation of a largely uniform population of DN3 and DN4 cells. Specifically, we injected mice deficient in recombination-activating gene 2 (Rag2 −/− mice) with antibody to the signal-transduction molecule CD3ε to promote developmental progression from the DN3 stage to the DN4 stage. We prepared thymocyte suspensions 2 d after injection, analyzed the expression of CD25 and CD44 (data not shown) and fixed the samples with formaldehyde. We immunoprecipitated crosslinked DNA with antibody to E2A to determine the dynamics of genome-wide occupancy by E2A during β-selection. Additionally, we identified active and poised enhancer elements in the DN3 and DN4 compartments with antibody to histone H3 monomethylated at Lys4 (H3K4me1) 29 . We examined the immunoprecipitates, in parallel with genomic DNA isolated for total fixed chromatin, by deep DNA sequencing.
We eliminated repetitive sequence 'reads' and identified the locations and clusters of the remaining 'reads' computationally 29, 30 . We identified 939 E2A-bound sites in DN3 cells versus 340 E2A-bound sites in DN4 cells ( Fig. 2a) , which indicated that the number of E2A-bound sites decreased substantially after transit through the β-selection checkpoint. Many E2A-bound sites (247) were shared by DN3 and DN4 cells, but few sites with E2A binding were unique to the DN4 compartment ( Fig. 2a and Supplementary Fig. 2) . Thus, genomewide E2A occupancy decreased during β-selection in developing thymocytes, consistent with the induction of Id3 expression after assembly of the pre-TCR. The question arose of whether the differences in occupancy in DN3 cells versus DN4 cells affected binding-site selection. To address this issue, we identified consensus binding sites associated with E2A occupancy on the basis of statistically significant enrichment. As expected, the consensus E2A-binding site (CAGCTG) was ranked as the top-scoring consensus binding site in both the DN3 and DN4 compartments 30, 31 (Fig. 2b) . We also identified a second consensus DNA sequence (GCAGATG) that was associated with E2A occupancy but was restricted to the DN3 compartment ( Fig. 2b) . Notably, the GCAGATG motif has been identified before as a recognition site for the HLH protein Tal1 (also known as Scl) 32 . In the DN3 compartments, E2A-bound regions showed enrichment for transcription factor motifs associated with the transcription factor Runx, as well as occupancy by the transcription factor Ets-1 (Fig. 2b) Id3 Supplementary Fig. 3 ). β-selection, E2A-bound regions were associated with distinct sets of putative regulatory elements in the DN3 compartment versus the DN4 compartment. The global analysis described above permitted us to examine the pattern of occupancy by E2A during β-selection at a subset of genes known to have critical roles in T lineage specification. This analysis identified many targets predicted to be associated with occupancy by E2A, including Hes1, Notch1, Notch3, Ptcra, Rag1-Rag2 and Cd3e 13,16 (Fig. 2c) . The binding of E2A to these sites was consistently associated with the consensus E2A-binding site (CAGCTG) and was much lower after differentiation into the DN4 compartment ( Fig. 2c) . Further inspection also identified potential previously unknown E2A targets, including Zap70 (Fig. 2d) . We also detected Zap70 expression in DN4 cells 33 (Fig. 2d) . Consistent with those observations, we found that Zap70 expression was initiated in CD27 hi DN3b cells and increased further in the DN4 and ISP stages ( Fig. 2e,f) . The Zap70 locus showed substantial occupancy by E2A in a putative enhancer region in the DN4 compartment, which raised the possibility that Zap70 expression is regulated by E2A beyond the pre-TCR checkpoint. To assess that possibility directly, we examined Zap70 expression by intracellular staining in both Id3-deficient thymocytes and E2A-deficient thymocytes. Consistent with the binding patterns, the absence of Id3 resulted in higher Zap70 expression, whereas after depletion of E2A, Zap70 expression was much lower ( Fig. 2e,f) . To confirm occupancy by E2A at the binding sites described above (Fig. 2d) , we did chromatin-immunoprecipitation (ChIP) assays of wild-type lineage-negative thymocytes, which were mainly DN3 cells (>82%). As described above for Rag2 −/− cells, wild-type DN3 cells showed substantial binding of E2A to H3K4me1 islands across the loci examined ( Supplementary Fig. 3) .
Thus, E2A proteins modulate programs of gene expression both before and beyond the pre-TCR checkpoint. Together these data have shown how E2A proteins acted in thymocyte progenitors to activate a T lineage-specific program of gene expression. Furthermore, they indicate that after pre-TCR expression, Id3 abundance increases to decrease occupancy by E2A at a large spectrum of putative enhancer elements.
Id3 enforces the naive T cell phenotype As mentioned above, published observations have indicated many roles for Id3 in developing thymocytes 21, [23] [24] [25] [26] [27] [28] . To further evaluate the role of Id3 in thymocyte development beyond the pre-TCR checkpoint, we expanded our analysis through the use of flow cytometry. The Id3 -/γδ T cell compartment was much larger than the wild-type γδ compartment ( Fig. 3a) , consistent with published observations [23] [24] [25] [26] . We also found that the expression of CD44 was much higher in the DN1 compartment (Fig. 3a) . The greater abundance of Id3 −/− thymocytes than wild-type thymocytes that expressed CD44 was not caused by population expansion of T cell progenitors but instead occurred in the c-Kit − population (Fig. 3a) . In fact, we detected much higher CD44 expression in almost all thymocyte compartments beyond the pre-TCR checkpoint (Fig. 3b) . Consistent with those data, we found occupancy by E2A across the locus encoding CD44 in DN4 cells but not in DN3 cells (Supplementary Fig. 4) . The fraction of cells expressing interferon-γ (IFN-γ) was much larger in CD4 + SP (CD4SP) cells with ablation of Id3 (Fig. 3c) , as reported before 27 . Consistent with published observations 25, 27 , we detected a substantial fraction of cells that expressed the transcription factor PLZF but lacked expression of the activating natural killer cell receptor NK1.1 ( Fig. 3d and data not shown). In addition, we found unlike its lack A r t i c l e s of expression in wild-type thymocytes, that the transcription factor Eomes was expressed in a fraction of Id3-deficient CD4SP cells but the transcription factor T-bet was not ( Fig. 3d and data not shown) .
Collectively, these observations indicate that Id3-deficient thymocytes aberrantly express markers associated with innate-like and effectormemory-like phenotypes.
Aberrant development of T FH -like cells in Id3 −/− thymi As mentioned above, we observed more CD44 + cells across the entire spectrum of Id3 −/thymocyte compartments (Fig. 3b) . To further evaluate the compartments with higher expression of CD44, we examined the expression of genes associated with an effectormemory phenotype, including the T FH cell-related marker CXCR5, in Id3-deficient thymocytes. Notably, whereas (as expected) wildtype CD4SP cells lacked CXCR5 expression, a substantial fraction of Id3 −/− CD4SP cells expressed CXCR5 (Fig. 4a, top) . CD4SP CXCR5 + cells in the thymus of Id3 −/− mice had high expression of both PD-1 and ICOS, markers associated with T FH cells (Fig. 4a, bottom) . We observed a significantly greater percentage and absolute number of CD4SP CXCR5 + PD-1 + ICOS + cells in Id3 −/− mice (Fig. 4a) . Id3 −/− T FH -like cells also had relatively abundant expression of Ly108 (Slamf6), a member of the Slam family of proteins that is required for the formation of stable T cell-B cell conjugates 34 (Fig. 4b) . Unlike its lack of expression in wild-type thymocytes, CXCR5 was expressed in Id3 −/− DN4 cells ( Fig. 4c and Supplementary Fig. 5 ). We noted that abnormal expression ICOS and PD-1 was not restricted to CXCR5expressing cells among Id3 −/− thymocytes (data not shown) and that CXCR5-expressing cells were present not only among Id3 −/− CD4SP cells but also among Id3 −/− CD8 + SP (CD8SP) cells ( Supplementary  Fig. 6 ). Collectively these data indicate that Id3-deficient thymocytes express markers consistent with an effector-memory phenotype and that a subset of this population has a phenotype that resembles that of T FH cells. As T FH cells support the proliferation of B cells and germinal center formation, we assessed the B cell cellularity of Id3 −/− thymi. We observed a much larger proportion and absolute number of B220 + CXCR5 + cells in Id3 −/− thymi (Fig. 4d) . Id3-deficient thymic (B220 + CD19 + ) B cells also had a mature phenotype, as demonstrated A r t i c l e s by their expression of CXCR5, immunoglobulin M and immunoglobulin D (Supplementary Fig. 7) . We observed more B220 + cells that were more dispersed throughout thymi derived from 4-to 6-weekold Id3 −/− mice (Fig. 4e) . Notably, we found that a substantial fraction of thymi from 4-to 6-month-old Id3 −/− mice had B cell follicles (Fig. 4e) . Furthermore, we detected a small but substantial fraction of the CD4 + CXCR5 + population that was conjugated to B220 + cells in Id3 −/− thymi (Fig. 4f) . In contrast, Id3 −/− CD8SP and DP cells failed to associate with B220 + cells (Fig. 4f) .
To confirm the expression of markers associated with a T FH -like phenotype, we assessed transcripts of Cxcr5, Slamf1 (encoding CD150) and Bcl6 in CD4SP cells by real-time PCR 35, 36 . We found that whereas the abundance of Cxcr5 transcripts was greater in Id3 −/− CD4SP cells, the abundance of Slamf1 was lower in these cells, consistent with a T FH -like phenotype (Fig. 4g) . In addition, we observed upregulation of Slamf1 in E2A-deficient immature DN cells ( Supplementary  Fig. 8 ). We observed a slightly greater abundance of Bcl6 transcripts among RNA derived from CD4SP Id3 −/− cells 35, 36 (Fig. 4g, top) . To assess Bcl6 transcript abundance in CXCR5-expressing cells, we purified CD44 hi CXCR5 + CD4SP thymocytes from 4-week-old or 4-month-old Id3 −/− mice and measured Bcl6 transcripts in those cells and T FH cells derived from wild-type mice immunized with nitrophenol. The abundance of Bcl6 mRNA was greater in CXCR5 + CD4SP cells derived from Id3 −/− thymi than in naive wild-type CD4 + T cells (Fig. 4g, bottom) . However, Bcl6 transcripts were less abundant in Id3 −/− cells than in T FH cells isolated from wild-type mice immunized with nitrophenol (Fig. 4g, bottom) .
As Id3 is well known to antagonize the activity of E2A, we determined whether the T FH -like phenotype related to greater DNA-binding activity of E2A. As a first approach to address this, we generated Id3 −/− mice with a loxP-flanked alleles encoding E2A (E2a f/f ) and a transgene encoding Cre recombinase driven by the promoter of the gene encoding CD4 (Cd4-Cre), which is transcribed at developmental stages beyond the pre-TCR checkpoint 37 (E2a f/f Cd4-CreId3 −/− mice). The cellularity of thymi derived from E2a f/f Cd4-CreId3 −/− mice was partially restored relative to that in thymi from Id3 −/− mice (Fig. 5a) . Expression of IFN-γ, PLZF and Eomes was not detectable in E2a f/f Cd4-CreId3 −/− CD4SP cells (Fig. 5b,c) . The proportion of cells expressing CXCR5 and CD44 among Id3 −/− thymocytes was also affected by the absence of E2A (Fig. 5d,e) . Finally, the fraction of B220 + CXCR5 + cells was lower in E2a f/f Cd4-CreId3 −/− mice (Fig. 5f) . In sum, we conclude that E2A and Id3 modulate the expression of markers, including CXCR5 and Bcl-6, associated with a T FH -like phenotype.
Effector-memory-like cells in the Id3 −/− thymus To further analyze the activated phenotype of thymocytes derived from Id3-deficient mice, we assessed the expression of CD122 (IL-2 receptor β-chain), as well as of CD127 (IL-7 receptor α-chain), by Id3 −/− thymocytes 38, 39 . Notably, the proportion of cells expressing CD44, CD122 and CD127 was significantly greater among Id3deficient thymocytes, although the absolute cell number was not significantly affected (Fig. 6a,b) . Those data brought into question how the absence of Id3 related to the expression of Cxcr5, Il2rb (encoding CD122), Icos and Pdcd1 (encoding PD-1). It was conceivable that at a subset of these genes, the lack of Id3 resulted in more occupancy by E2A at enhancer elements, which modulates patterns of gene expression in the CD4 + lineage. Alternatively, more E2A activity 
Id3 -/-Id3 A r t i c l e s may have acted indirectly to induce inappropriate expression of Cxcr5, Icos, Il2rb and Pdcd1. As a first approach for distinguishing between those possibilities, we examined enhancer elements in the Cxcr5, Icos, Il2rb and Pdcd1 loci for the presence of E2A-binding sites.
Id3
To identify such putative regulatory elements, we re-examined genome-wide occupancy by E47, as identified by deep-DNA sequencing of an E2a −/− T cell line reconstituted with forced E47 expression 30 . This analysis showed occupancy by E47 at H3K4me1 islands in the A r t i c l e s Cxcr5 and Il2rb loci (Fig. 6c) . To assess aberrant E2A occupancy at these sites in Id3 −/− thymocytes, we purified CD4SP and DP cells and analyzed them by ChIP (Fig. 6d) . We observed more occupancy by E2A at binding sites present in putative Cxcr5 and Il2rb enhancer regions. The differences in occupancy by E2A were modest, but only a fraction of Id3 −/− CD4SP cells expressed CXCR5 and CD122. Collectively, these data indicated that a subset of loci whose expression was modulated in Id3-deficient mice showed abnormally greater occupancy by E2A at putative enhancer elements, which directly links occupancy by Id3 and E2A with the aberrant development of an effector-memory-like population by Id3-deficient thymocytes.
Effector-memory-like cells in Id3 −/− spleens To determine whether Id3 −/− mice also have abnormalities in the peripheral lymphoid organs, we assessed the expression of CD44 and CD62L by splenocytes derived from wild-type and Id3 −/− mice. Id3 −/− mice had a much smaller naive CD4 + compartment with a much larger CD62L − CD44 + compartment, consistent with published observations 28 (Fig. 7a) . In addition, we found that a substantial fraction of CD4 + splenocytes aberrantly expressed IFN-γ as well as IL-4 after exposure to the phorbol ester PMA and the calcium ionophore ionomycin (Fig. 7b) . As described for the thymus of Id3 −/− mice, a substantial fraction of CD4 + splenocytes expressed CXCR5 and CD44. The CXCR5 + CD44 + compartment also had high expression of ICOS and PD-1 (Fig. 7c) . Furthermore, Id3 −/− CXCR5 + CD4 + T cells had Ly108 expression similar to that of wild-type CXCR5 + CD4 + T FH cells (Supplementary Fig. 9 ). As T FH cells localize to the B cell zone, we examined the distribution of CD3ε-expressing cells in the context of the splenic architecture. In wild-type mice, we detected CD3ε-expressing cells mainly in the T cell area (Fig. 7d) . In contrast, Id3 −/− mice had a substantial fraction of cells of the T lineage located away from the T cell zone, whereas in E2a f/f Cd4-CreId3 −/− mice, we observed a normal distribution of CD3ε-expressing cells throughout the spleen ( Fig. 7d and Supplementary Fig. 10) .
Consistent with the results of flow cytometry, the transcript abundance of both Cxcr5 and Slamf1 was altered in Id3 −/− CD4 + T cells relative to their abundance in wild-type cells (Fig. 7e, top) . RNA derived from Id3 −/− CD44 hi CXCR5 + CD4 + splenocytes also had higher expression of Bcl6 than did wild-type naive CD4 + T cells (Fig. 7e, bottom) . A large fraction of Id3-deficient CD44 hi cells had abundant expression of both CD127 and CD122. However, unlike results obtained for the thymus, we found a greater fraction of CD44 hi CD127 lo effector cells in spleens from Id3 −/− mice (Fig. 7f) . Furthermore, we observed a significantly greater fraction of CD44 hi CD122 + CD127 + memory-like cells among Id3 −/− CD4 + T cells (Fig. 7f) . Together these data indicate that Id3 acts throughout development in the T lineage to enforce the naive fate of T cells.
DISCUSSION
Although there is now ample evidence that the E2A proteins activate the expression of a large subset of target genes, including Ptcra, Hes1, Notch1, Notch3, Cd3e, Tle3, Aes (also called Tle5) and Tcrb, much less is known about how the genome-wide activity of E2A is modulated. It is generally assumed that the DNA-binding activity of E2A is antagonized by the induction of Id3 expression mediated by pre-TCR signaling. However, this has remained to be proven. Here we have demonstrated on a global scale that occupancy by E2A was lower at a large subset of putative enhancer elements. Specifically, we found that 692 E2A-bound regions were restricted to the DN3 compartments, 247 E2A-bound sites overlapped between the DN3 and DN4 compartments and 93 E2A-bound sites were in the DN4 compartment. The lower number of E2A-bound sites at the pre-TCR checkpoint was striking and consistent with higher Id3-GFP expression in DN3b cells. Thus, after pre-TCRmediated signaling, Id3 abundance is increased to suppress occupancy by E2A at most binding sites. We suggest that this decrease in global occupancy underpins the mechanism that promotes β-selection.
Our global studies showed that the consensus DNA sequence (CAGCTG) associated with E2A occupancy was identical in two entirely different cell lineages: DN3 cells and pro-B cells 30 . Thus, E2A proteins recognize the same binding site in committed B cells and T cells. However, the enhancer repertoires associated with binding of E2A in B cells versus T cells were distinct. The binding of E2A to cistronic elements showed enrichment for binding sites for early B cell factor in pro-B cells, whereas DN3 cells did not show such an association. Similarly, whereas E2A-binding sites are frequently associated with high-affinity binding sites for the transcription factor SCL (TAL) in DN3 cells, E2A-bound sites are not enriched for consensus cis-regulatory DNA sequences that bind SCL (TAL) in pro-B cells. Thus, whereas E2A proteins interact with the same cis-regulatory sequences in the B cell and T cell lineages, occupancy by E2A is associated with different enhancer repertoires in pro-B cells and DN3 cells. These data indicate that it is the difference in 'collaborative' interactions at cis-regulatory elements that underpin the mechanism by which E2A proteins promote specific programs of gene expression in distinct lineages.
The cistronic elements associated with occupancy by E2A in DN3 cells showed enrichment for Runx1-binding sites as well as consensus Ets-1-binding sites. Runx1 binds in the DN3 compartment to sites present in the Cd4 silencer, and Ets-1 has been demonstrated to have an essential role in β-selection as well as allelic exclusion [40] [41] [42] [43] . The 'collaborative' interactions involving E2A and Runx are of particular interest. Thus, our global analysis has confirmed published observations 40 and identified additional targets and participants, as well as previously unknown links between participants, and has shown how pre-TCR-mediated signaling, on a global and mechanistic scale, promotes developmental progression.
Our data have also identified previously unknown roles for Id3 in maintaining the naive fate of CD4 + T cells. T FH cells are not normal residents of the thymus. Thus, the question arises of how Id3 ablation resulted in the development of T FH -like cells in the thymus. Our data indicated that a subset of genes associated with a T FH -like program of gene expression, including Cxcr5, were directly regulated by the ratio of E2A to Id3. However, as only a fraction of CD4SP thymocytes expressed CXCR5, it seems unlikely that direct regulation by E proteins was the only mechanism underpinning the aberrant development of T FH -like cells in Id3 −/− thymi. Instead, we suggest that the development of abnormal effector-memory cells in Id3 −/− thymocytes was in part a consequence of compromised TCRmediated signaling. It is now well established that Id3 acts downstream of TCR-mediated signaling 18 . Id3-deficient thymocytes show severe defects in positive selection in transgenic mouse models, and such mice develop autoimmune disease 21, 44 . Thus, the absence of Id3 may alter the threshold for thymic selection, resulting in the positive selection of cells that would normally be negatively selected, which contributes to the aberrant activation of genes associated with an effector-memory phenotype. Notable in the context of the defect in positive selection in Id3 −/− mice was the observation that the ratio of E2A to Id3 regulated the expression of Zap70. Published observations have indicated that altered thymic selection caused by a mutation in the Zap70 locus leads to the development of autoimmune disease 43 . It is conceivable that altered amounts of components involved in TCRmediated signal strength, such as Zap70, contributed to the defects A r t i c l e s in positive selection observed in Id3 −/− mice as well as the aberrant development of effector-and/or memory-like cells. Consistent with that model are findings indicating that positive selection is highly sensitive to the amount of Zap70 expression 45 . External factors may have contributed as well to the aberrant development of T FH -like cells from Id3 −/− thymocytes, as observed for the development of innate CD8 + cell-like cells 27, 37 . In sum, we suggest that the aberrant activation of gene expression associated with an effector-memory phenotype in Id3 −/− thymocytes was a result of aberrant E-protein activity, compromised TCR signaling and an abnormal thymic environment.
Do our data suggest that E and Id proteins modulate the development of follicular B cells and T cells in the peripheral organs? Published observations have indicated that Id3 −/− mice have fewer naive T cells 28 . We have confirmed that finding but suggest that because of the lymphopenic environment in Id3 −/− mice, the defect in the naive peripheral compartments may be caused at least in part by homeostatic proliferation. E2a +/− mice have a substantial defect in follicular B cell compartments, whereas Id3 −/− mice have more follicular B cells 46 . Thus, the E2A-Id3 and Bcl-6-CXCR5 connection might be shared by follicular B cells and T cells. Finally, we note that it remains to be determined how closely related the Id3 −/− T FH -like cells observed in the spleen are to wild-type T FH cells, and it will be essential to ablate Id3 and E2A, as well as HEB, in peripheral CD4 + cells for careful evaluation of their roles in peripheral T FH cell maturation.
Id3 expression in DP thymocytes has been shown to be directly regulated by TCR-mediated signaling 18 . Consistent with those data, we found that Id3 expression progressively increased beyond the pre-TCR and TCR checkpoints and remained high in naive peripheral T cells. However, Id3 expression in the effector-memory compartment was distinct. It showed a bimodal pattern, even in a substantial fraction of the effector-memory compartments with barely detectable Id3 expression. How is Id3 expression regulated differently? We suggest that it is the difference in signal strength mediated by the TCR that determines Id3 abundance. Thus, after recognition of self antigens in the thymus, Id3 expression becomes higher, as described before 18 . We speculate that after exposure to non-self antigens in the peripheral organs, Id3 expression is modulated again to promote differentiation into either the effector lineage or memory lineage. Although it remains to be proven, we propose that it is the difference in Id3 abundance in the naive compartment versus the effector and memory compartments that ultimately determines the fate of peripheral T cells.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/. Accession code. GEO: ChIP-Seq data, GSE30518.
